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Femtosecond laser micromachininga b s t r a c t
We report on the fabrication of ridge waveguides in Nd:YAG ceramic by using femtosecond laser
micromachining of the surface of a He ion implanted planar waveguide. Under optical pump of
808 nm light, continuous wave waveguide lasers have been realized at 1.06 lm at room temperature
in the Nd:YAG ceramic ridge waveguide system, reaching a maximum output power of 46 mW. The lasing
threshold of 64.9 mW and the slope efficiency of 42.5% are obtained for the ridge waveguide system,
which shows superior lasing performance to the Nd:YAG ceramic planar waveguide.
 2013 Elsevier B.V. All rights reserved.1. Introduction
As the basic elements in integrated photonics, optical
waveguides with diverse configurations can confine the light prop-
agation within small volumes owing to the much compact geome-
try, reaching higher optical intensities, in which, consequently, a
number of bulk-related performances could be substantially im-
proved [1]. Laser oscillations with reduced lasing thresholds could
be realized in waveguide-based structures due to the in-cavity
dense of the active volumes, possessing comparable efficiencies
with respect to bulk lasers [2]. In practice, two-dimensionally
(2D) confined waveguide structures (typically channel or ridge
configurations) allow for more compact geometries and stronger
spatial confinement of light fields, exhibiting superior guiding
performance with respect to the one-dimensional (or planar) coun-
terparts, and are possible to construct more compact devices which
can be efficiently connected to optical fibers for construction of
integrated photonic systems. Moreover, compared with planar
and channel waveguides, the ridge waveguide structures usually
possess much stronger lateral confinement of the light fields due
to the higher refractive index contrast of the cladding and wave-
guide in the transverse dimension in ridge cases (the cladding is
air with index of 1), which suggests a reduction of bending losses
and component sizes of the photonic devices [3,4]. Particularly,
the surface optical circuits (such as surface ridge guiding configu-
rations) are especially interesting for biological applications, andthey can be used as fast and sensitive bio-sensors when appropri-
ately functionalized.
Being regarded as the next-generation highly efficient gain
media for solid state laser systems, polycrystalline neodymium
doped yttrium aluminum garnet (Nd:Y3Al5O12 or Nd:YAG) ceram-
ics have recently obtained much attention owing to their superior
lasing and fluorescence properties [5]. Indeed, compared to their
single crystalline partners, transparent Nd:YAG ceramics have
demonstrated several intriguing advantages, such as better laser
performance at the near-infrared bands, possibilities for realizing
large-size multilayers for multipurpose laser devices, and superior
spectroscopic properties [5–7]. Hence, the combination of wave-
guide technology with excellent properties of Nd:YAG ceramics is
most likely one effective approach for constructing a high-power
integrated lasers with a stable output. Even though some conven-
tional chemical techniques (such as metal ion diffusion and ion
exchange) that have been widely used for waveguide construction
in diverse materials [8] are not suitable for Nd:YAG ceramics owing
to their stable physical, chemical, and thermal properties. As of yet,
the Nd:YAG ceramic planar and channel waveguides have been
fabricated by utilizing several ‘‘physical’’ techniques, including
ion implantation/irradiation [9] and femtosecond (fs) laser inscrip-
tion [10–12]. Ion implantation, as one of the most successful meth-
ods for controlled material modifications at the micrometric scale,
has been widely used to produce waveguides in versatile optical
substrates, exhibiting unique capabilities to diverse materials. As
a physical method, in principle, it does not rely on the chemical
properties of the target materials [9,13–18]. Fs-laser inscription
is a powerful and feasible way to fabricate channel waveguide
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years owing to the various practical applications in microstructur-
ing of multiple materials [10–12,19–25]. In addition, with more
energy of single pulses, the fs-laser ablation technique has been
successfully applied to fabricate ridge waveguide structures by
removing selected surface parts of the ion implanted planar wave-
guides of LiNbO3 [26], b-BaB2O4 [27] and TiO2 [28] crystals. Partic-
ularly, we have recently fabricated ridge waveguides in Nd:GGG
[28], Nd:YAG [30] and Nd:GdCOB [31] single crystals through this
solution, and found that the ridge waveguide systems have
exhibited enhanced lasing or nonlinear optical performances with
respect to planar structures. In addition, compared with the
method of diamond blade dicing we used to fabricate surface ridge
guiding structures in recent work [32], the fs-laser ablation
technique is more convenient, swift and affordable. In this work,
we report on the manufacture of Nd:YAG ceramic ridge waveguide
by using the fs ablating of the surface of He+ ion implanted planar
waveguide, and the realization of continuous wave (cw) ridge
waveguide laser oscillations at 1.06 lm.
2. Experiments in details
The Nd:YAG ceramic (doped by 1% at Nd3+ ions) used in this
work was cut with the dimensions of 7  7  2 mm3 and optically
polished. In the first place, a planar waveguide layer was prepared
on one surface (7  7 mm2) of the sample by using He+ ions
implantation at energy of 2.5 MeV and fluence of 1  1016 ions/
cm2. The implantation process was performed by using the 3 MV
tandem accelerator at Helmholtz–Zentrum Dresden–Rossendorf,
Germany. In this way, a planar waveguide layer was fabricated
on top of the Nd:YAG ceramic surface. Afterwards, an amplified
Ti:Sapphire laser system (Spitfire, Spectra Physics) generating
nearly transform-limited pulses with a temporal duration of 120
fs and a central wavelength of 796 nm and with a repetition rate
of 1 kHz (1 mJ maximum pulse energy), was used to micro-ma-
chine ridge structures on top of the implanted planar waveguide
surface. The fs laser beam was focused by a 20 microscope
objective (N.A. = 0.4), and the sample was located at a 3D x–y–z
motorized stage with a spatial resolution of 0.2 lm. The linear fo-
cus of the convex was located on the surface of the planar wave-
guide and the pulse energy was set to 4.2 lJ (peak fluence
100 J/cm2). The sample was scanned at a translation velocity of
50 lm/s, as a compromise between having a moderate processing
time and obtaining the crater depth enough to cut through the
planar waveguide layer. Then, pairs of grooves were fabricated
with lateral separation of 70 lm to have a restrictive effect later-
ally. And combined with vertical confinement of ion implanted
planar waveguide, the ridge waveguide was fabricated in Nd:YAG
ceramic. Fig. 1(a) illustrates the microscope image of the cross
section of the ridge waveguide. For comparison, about 1/3 of theFig. 1. The cross sectional microscope image of the end face of the Nd:YAG ceramic rsurface layer was not microstructured, preserving the planar wave-
guide geometry.
The m-line technique was utilized to measure the surface
refractive index of the sample and surface waveguide mode via a
prism coupler (Model 2010, Metricon). An end-face coupling
arrangement was used to experimentally estimate the propagation
losses for the Nd:YAG ceramic ridge and planar waveguides, which
are measured to be 4.8 dB/cm and 3.4 dB/cm at 632.8 nm by using
the back-reflection method [33]. The higher attenuation for ridge
waveguide is very likely due to the non-perfect side-walls fabri-
cated by fs laser ablation. In order to investigate the roughness of
the side-walls, we used scanning electron microscopy (SEM) to ob-
tain the surface topographic image of the ridge waveguide (see
Fig. 1(b)). As we can see, the roughness of the sidewall is estimated
to be 2.0 lm. When compared with the previous work on ridge
waveguides produced by using diamond blade dicing method in
[32], we found that the propagation loss of ridge waveguide in this
work is higher. This may partly be due to the higher attenuation of
He ion implanted planar waveguide used in this work (in diamond
blade diced case, the propagation loss of carbon irradiated planar
waveguide was around 1.0 dB/cm) as well as the non-perfect
side-walls of the fs laser ablated grooves (in diamond blade diced
case, the side-walls are considerably smooth).
The waveguide laser operation experiment was performed by
utilizing an end pumping system. A polarized light beam at a
wavelength of 808 nm was generated from a tunable cw Ti:Sap-
phire laser (Coherent MBR 110) at room temperature. We used a
spherical convex less with focal length of 25 mm to couple the la-
ser beam into the waveguides. In order to form the Fabry–Perot
lasing resonate cavity, the input and output end faces of the wave-
guides were adhered with an input mirror (with the transmittance
of 98% at 808 nm and the reflectivity >99% at 1064 nm, respec-
tively) and an output mirror (with the reflectivity >99% at
808 nm and the transmittance of approximately 60% at
1064 nm, respectively). A 20 microscope objective lens
(N.A. = 0.4) and an infrared CCD were used to collect and image
the generated waveguide lasers. The emission spectra of the laser
beam from the waveguide were analyzed by a spectrometer with
resolution of 0.2 nm.
3. Results and discussion
We used the reflectivity calculation method (RCM) [34] to
reconstruct the refractive index profile (Fig. 2) of the He+ ions
implanted waveguide based on the measured dark-mode spectra.
As we can see, the 2.5 MeV He+ implantation induced a positive
index change of 0.04% in the near-surface region and an optical
barrier with reduced refractive index of 0.5% at the end of incident
ion track (5.5 lm beneath the surface of the sample). And the en-
ergy deposition process of 2.5 MeV He+ ions when implanted ontoidge waveguide and (b) topographic SEM image of the ridge waveguide surface.
Fig. 2. The refractive index and relative atom displacement of the original profiles
in Nd:YAG ceramic induced by 2.5 MeV He+ implantation at the fluence of
1  1016 ions/cm2.
Fig. 4. The cw waveguide laser output powers at 1064 nm as a function of the
absorbed power at 808 nm. The circular and triangular symbols stand for the data of
the planar and ridge waveguides, respectively. The solid lines represent the linear
fit of the experimental data.
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matter (SRIM) 2010 code [35]. The resulting relative atom displace-
ment distribution of the original lattice induced by He+ ions
implantation is shown in Fig. 2. As indicated, the values of relative
atom displacement are obtained within the range of 0–6 lm,
peaking above 10% at approximately 5.5 lm, which is in good
agreement with optical barrier location. In addition, this distribu-
tion also considerably coincides with the refractive index profiles,
suggesting that the lattice damage induced by nuclear collisions is
the main reason for the waveguides formation.
Fig. 3 illustrates the room temperature laser emission spectra
from 2.5 MeV He+ implanted Nd:YAG ceramic ridge and planar
waveguides when the absorbed power is above the lasing thresh-
old. The emission line centered at 1064 nm with a FWHM of
0.5 nm, clearly denoting laser oscillation line that corresponds
to main fluorescence of 4F3/2 ? 4I11/2 transition of Nd3+ ions. The
insets depict the near-field light intensity profiles of the ridge
and planar waveguide laser modes.
Fig. 4 shows the output laser powers (at wavelength of
1064 nm) as a function of the 808 nm absorbed power generated
in the Nd:YAG ceramic planar and ridge waveguides at room tem-
perature. From the linear fit of the experimental data, we have
determined that the lasing thresholds for the 1064 nm oscillations
are Pth,p = 133.4 mW and Pth,r = 64.9 mW for Nd:YAG planar and
ridge waveguides, respectively. And the slope efficiencies are
Up = 17.4% and Ur = 42.5%, respectively. As the absorbed pumpFig. 3. Laser emission spectrum from the ridge and planar Nd:YAG ceramic
waveguides. The insets show the measured near-field intensity distribution of the
(a) ridge and (b) planar waveguide laser modes.power increases, the output laser power of these two waveguides
climbed to maxima at Pmax,p = 13 mW and Pmax,r = 46 mW at ab-
sorbed pump powers of 230 and 165 mW, corresponding to optical
conversion efficiencies of 6% and 28%, respectively. In conclude, the
ridge waveguide system possesses a superior performance with re-
duced lasing threshold, higher slope efficiency and higher output
laser power with respect to planar waveguide, although the prop-
agation loss of ridge waveguide is higher. In addition, compared
with the other fs-laser micromachined ridge waveguides (i.e.
Nd:GGG [28] and Nd:YAG [29] crystal ridge waveguides) we stud-
ied recently, the Nd:YAG ceramic ridge waveguide exhibits an
comparable excellent laser performance with larger maximum
output laser power (for Nd:GGG and Nd:YAG ones, the results
are 25.6 and 21 mW, respectively) and higher slope efficiency
(for cases with Nd:GGG and Nd:YAG crystal, those are 41.8% and
35%, respectively). Though the lasing threshold of the Nd:YAG
ceramic ridge waveguide laser is higher than that of Nd:YAG crys-
tal one (which is 39 mW), it is still lower than that of Nd:GGG case
(with a lasing threshold of 71.6 mW). Thus, all the results above
indicate that the Nd:YAG ceramic ridge waveguide produced by
fs-laser micromachining of planar waveguide layer could be a
promising candidate for compact light sources.4. Conclusion
We have reported on the fabrication of optical ridge waveguide
in Nd:YAG ceramics, using fs laser ablation of the surface of He+ ion
implanted planar waveguide. The cw waveguide laser at 1064 nm
was realized with a pump threshold of 64.9 mW and a slope
efficiency of 42.5%. For comparison, the fs laser micromachined
Nd:YAG ceramic ridge waveguide shows a more excellent laser
performance than planar waveguide under the same condition.
This work has shown the fs laser ablation technique combined
with ion implantation is an efficient method to realize Nd:YAG
ceramic ridge waveguide laser sources.Acknowledgements
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